Abstract Soil-borne fungal diseases are a major problem in agriculture. A century ago, the Dutch plant pathologist Johanna Westerdijk recognized the importance of linking fungal biology with ecology to understand plant disease dynamics. To explore new ways to manage soil-borne fungal disease in agriculture by 'learning from nature', we follow in her footsteps: we link below ground plant-fungal pathogen interactions to ecological settings, i.e. natural grasslands. Ecological research hypothesised that the build-up of 'enemies' is reduced in species-rich vegetation compared to monocultures. To understand how plant diversity can suppress soilborne fungal pathogens, we first need to identify fungal actors in species-rich grasslands. Next-generation sequencing revealed a first glimpse of the potential fungal actors, but their ecological functions often remain elusive. Databases are becoming available to predict the ecological fungal guild, but classic phytopathology studies that isolate and characterize -taxonomically and functionally -, remain essential. Secondly, we need to set-up experiments that reveal ecological mechanisms underlying the complex below ground interactions between plant diversity and fungal pathogens. Several studies suggested that disease incidence of (hostspecific) pathogens is related to abundance of the host plant species. However, recent studies suggest that next to host species density, presence of heterospecific species additionally affects disease dynamics. We explore the direct and indirect ways of these neighboring plants diluting pathogen pressure. We argue that combining the expertise of plant pathologists and ecologists will improve our understanding of belowground plant-fungal pathogen interactions in natural grasslands and contribute to the design of sustainable and productive intercropping strategies in agriculture.
Introduction
In her search for the causal agent of the disease that caused major die-back of Elm trees, Johanna Westerdijk did not just focus on the interaction between the pathogenic fungus and the tree alone. Rather, she and her team also studied the ecology of the European elm bark beetle (Scolytus multistriatus), which acted as the vector of the fungal pathogen Graphium ulmi (now Ophiostoma ulmi) on elm trees. In essence, Westerdijk thus recognized the important role of complex species interactions in explaining plant disease dynamics.
Managing soil-borne fungal diseases is also a matter of understanding complex species interactions. Soilborne fungal pathogens are 'hidden' in the soil; diverse and notoriously difficult to manage in agriculture. Therefore, soil-borne fungal pathogens can cause widespread damage, reducing the yield of many economically important crops. An effective way to prevent the build-up of soil-borne pathogens is to interrupt the host-pathogen cycle via crop rotation (Krupinsky et al. 2002) . In addition, various agro-chemicals have been developed to promote plant growth and to minimize the impact of pathogenic fungi on plant health and yield. However, due to the adverse environmental effects of many pesticides and the strict regulation of their use (Hillocks 2012) , there is an urgent need to further reduce the use of pesticides and to identify more sustainable crop protection strategies.
When developing sustainable crop protection strategies for soil-borne fungal pathogens, we argue that 'biodiversity' is essential. Westerdijk also had a special interest in what we now refer to as 'biodiversity'. Under her supervision, the fungal collection of the Centraal Bureau voor Schimmelcultures (now Westerdijk Fungal Biodiversity Institute) expanded from about 80 fungal cultures to over 10,000 strains of fungal species. However, we will use term biodiversity in a different context as compared to the perspective of Westerdijk. The biodiversity research field in ecology has hypothesized that the buildup of natural plant 'enemies' is lower in species-rich than in species-poor (e.g. monoculture) vegetation (Bever et al. 2015; Connell 1971; Janzen 1970; Schnitzer et al. 2011) . Pinpointing the actual 'enemies' (and their interactions with other 'bad' and 'good guys'), such as herbivores (e.g. insects and nematodes (Bagchi et al. 2014; de Deyn et al. 2003; Knops et al. 1999) ) and pathogens (viruses, bacteria, and fungi (Maron et al. 2011; Moore and Borer 2012; Packer and Clay 2000; Petermann et al. 2008; Rottstock et al. 2014) ), has proven difficult, especially belowground (Alexander 2010) . There is interest in the role of fungal pathogens to explain the maintenance of biodiversity (Bever et al. 2015; Gilbert 2002) , but in this review we focus on the other way around: the role of plant species diversity to reduce the build-up of soilborne fungal disease (Latz et al. 2012; Mommer et al. 2018; Yang et al. 2015) .
Similar lines of thought have been explored in agriculture, when developing mixed cropping systems (i.e. cultivating more than one crop species on a field; Vandermeer 2011). Intercrops typically yield up to 20% more per land area than single crops grown proportionally (Yu et al. 2015) . Overyielding is likely due to, at least in part, enhanced light interception and nutrient availability, but potentially also to reduced disease incidence in plant mixtures compared to monocultures. Regarding the latter, meta-analyses show that suppression of soil-borne diseases, e.g. damping-off and Fusarium wilt, is often reported (Boudreau 2013; Trenbath 1993) . For instance, soil-borne disease incidence was reduced in 30 out of 36 mixed-cropping system studies (Hiddink et al. 2010) . However, the underlying mechanisms of the soil-borne disease suppression are poorly understood (Ratnadass et al. 2012) , which limits the potential to optimize intercropping systems in this respect.
Grassland ecosystems appear a good model system to study the mechanisms of soil-borne disease dynamics in vegetations that differ in plant species richness (Dignam et al. 2016) . (Semi-) natural grasslands are characterized by a high plant species richness (up to 89 species per m 2 (Wilson et al. 2012) ), containing both monocots and dicots. Interestingly, these plant communities are not static: many plant species show high spatiotemporal dynamics, changing positions within the grassland and fluctuating in abundance over time (Herben et al. 1993; Van der Maarel and Sykes 1993) . It has been proposed that soil-borne fungal pathogens play an important role in this spatiotemporal species turnover (Olff et al. 2000) . However, obvious disease foci caused by soil-borne pathogens have rarely been observed (Alexander 2010; Burdon et al. 2006; Gilbert 2002) , suggesting that disease incidence is indeed low in these systems with high plant species diversity, or that other species compensate for a poorly performing plant.
Here, we review the role of plant species diversity in soil-borne fungal pathogen (including the fungal-like oomycetes) dynamics in species-rich grasslands. We first provide an overview of soil-borne pathogenic fungi reported to occur in these grasslands and their potential role in the functioning of these ecosystems. Furthermore, we explain three current hypotheses in the ecological literature about mechanisms by which plant diversity can suppress soil-borne fungal pathogens. These are: 1) host specificity-, and 2) conspecific (i.e. individuals belonging to the same species) host density dependence-of the pathogen, as well as 3) additional effects of heterospecific (i.e. individuals belonging to other species) neighbouring plants on the pathogen, both directly and indirectly. Finally, we identify main knowledge gaps in our understanding of these complex plant-fungal interactions, and provide suggestions on how these can be tackled by combined efforts of ecologists and plant pathologists.
Soil-borne pathogenic fungi in species-rich grasslands
To date, little is known about the identity and biology of soil-borne fungal pathogens in natural species-rich grasslands. The reason for this is two-fold. The focus of most research on plant pathogens has been on: 1) above ground rather than on below ground pathogens, and 2) economically relevant pathogens in agriculture.
The greater attention for aboveground diseases in natural grasslands is because they are often easier to observe and to study experimentally (e.g. Mitchell et al. 2002; Rottstock et al. 2014) . Additionally, many aboveground pathogens can induce severe epidemics, because of their fast and long-range (up to kilometers) air-borne dispersal (Fitt et al. 1989; Brown and Hovmøller 2002) . In contrast, the effects of belowground soil-borne fungal pathogens are mostly obscured due to their generally short-range dispersal capacities (cm to max. Meters per year) (Termorshuizen 2016) .
The focus on plant pathogens in agricultural rather than natural ecosystems has an obvious economic reason. Moreover, an area where plants perform less well is more easily spotted as a gap in a homogeneous canopy of a single crop than in a grassland with many different species. In a crop field, such gaps can be used as an indication of the presence of belowground soil-borne diseases, but if such gaps are generated in species-rich grasslands they may be effectively replaced by other, tolerant or resistant, plant species (Termorshuizen 2014) . Our knowledge of the biology of soil-borne fungal plant pathogens thus largely originates from modern agriculture, where pathogens can strongly reduce crop yield. Main agricultural soil-borne fungal diseases include Fusarium wilt (Fusarium oxysporum), Verticillium wilt (Verticillium dahliae) and damping-off diseases induced by e.g. Rhizoctonia solani and Pythium spp. These are well-studied because of their widespread occurrence in many crops worldwide. For example, Fusarium wilt has been found in over 100 different hosts, including cotton, tomato, and banana (Michielse and Rep 2009 ). In addition, soil-borne diseases have also been reported from the cultivation of medicinal herbs and turfgrass, which often include plant species that also occur in natural grasslands. For example, on golf courses (turfgrass), grassland species, such as Poa pratensis and Festuca rubra, are known to suffer from several of the same soil-borne pathogens found in agricultural monocot crops (e.g. brown patch disease (R. solani), damping-off disease (Fusarium, Pythium, and Rhizoctonia spp.), and take-all disease (Gaeumannomyces graminis) (Smiley et al. 2005) . Similarly, the monoculture cultivation of some well-known dicot grassland species with medicinal properties has yielded some insight in their root-associated pathogens. For instance, R. solani and Fusarium spp. were found in Plantago lanceolata (ribwort plantain) and Fusarium solani in Hypericum perforatum (St John's Wort) commercial plantings (Gaetán et al. 2004; Zimowska 2013) . Although this evidence stems from forb species, these have been cropped as monocultures and such insights may, therefore, not directly be translated to plantpathogen associations in species-rich grasslands.
Species-rich natural systems such as grasslands may contain a larger diversity of pathogenic soil-fungi due to the large number of diverse plant species and genotypes for a given plant species (Bach et al. 2018; Dassen et al. 2017; Termorshuizen 2014; Yang et al. 2017) . Plant roots in natural grasslands have indeed been shown to be colonized by a wide variety of fungi (Vandenkoornhuyse 2002) , but there have been only few attempts to isolate root-associated fungi and test them for pathogenicity (e.g. performing Koch's postulates) ( Table 1) . Mills and Bever (1998) performed such a study and isolated five Pythium species from the roots of two perennial grass species (Danthonia spicata and Panicum sphaerocarpon) in a 50 year-old natural grassland. When re-introduced, four of these Pythium species reduced plant biomass of both grasses, while another grass (Anthoxanthum odoratum) and a forb (Plantago lanceolata) were not adversely affected. Recently, Mommer et al. (2018) isolated 27 fungal species from symptomatic roots of the grass Anthoxanthum odoratum and the forb Leucanthemum vulgare in a grassland biodiversity experiment. Two of them (Magnaporthiopsis panicorum and Paraphoma chrysanthemicola) induced adverse host-specific effects on seedling biomass, when inoculated on different plants species (Mommer et al. 2018) . These studies and others (see Table 1 ) show that the most commonly documented fungal pathogenic effect on the host plants under controlled conditions is a reduction in (total) biomass. Adopting Koch's postulates is an important, and not always adopted, first step in determining the potential role of soil-borne pathogens in the spatiotemporal dynamics of plant biodiversity in grasslands.
Next-generation sequencing as a means to reveal soil-borne pathogenic fungi?
In the last decade, next-generation sequencing (NGS) techniques have allowed us to improve our knowledge of soil and root-associated fungal biodiversity in natural ecosystems (Hannula et al. 2017; Jumpponen et al. 2010; Mommer et al. 2018; Wehner et al. 2014) . Such sequencing techniques provide information about the community composition of fungal operational taxonomic units (OTU) in plant roots, rhizosphere or bulk soil. It is difficult, however, to ascertain the species' ecological traits based on such sequence information alone (Peay 2014) . In this context, we are facing two main challenges: (1) relating fungal OTU presence to fungal metabolic activity (as opposed to e.g. dormancy), and (2) ecological interpretation based on OTUs.
The first challenge is mainly a general problem for DNA-based sequencing, as the mere presence of DNA strands does not reveal whether a fungus is active, inactive or not alive at all. Sequencing ribosomal RNA or messenger RNA will provide more insight into the metabolic activities of a soil-borne fungus (Anderson and Parkin 2007) .
The second challenge when assigning ecological roles to fungal sequences is not as easily resolved. The fungal kingdom represents an enormous diversity estimated at 5 million species (Blackwell 2011) . As a consequence, high-throughput sequencing studies of natural environments including soils and roots yield large numbers of fungal OTUs. For example, Tedersoo 2014 detected over 44,000 fungal OTUs in a total of 365 soil samples from natural ecosystems worldwide. Also within plant roots, a large fungal diversity is often found. Wehner et al. (2014) found a total of 966 unique OTUs in the roots of 25 Asteraceae species, with a maximum of 118 root-associated OTUs in a single individual of Hieracium pilosella. Many of the OTUs found through sequencing approaches still lack a formal description. The fraction of OTUs that matched well-described, i.e. cultured, species in the studies mentioned above ranged from only 10% (Tedersoo et al. 2014 ) to 39% (Mommer et al. 2018) . Furthermore, when sequences from uncultured fungi are included in the matches, still 10-30% of fungal 
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Reduced growth (Klironomos 2002) OTUs remain unidentified at the species level (Buée et al. 2014; Hannula et al. 2017; Mommer et al. 2018; Wehner et al. 2014 ). This suggests that there is a large gap between our ability to detect these fungi and our knowledge regarding their identity, let alone their biological functions. Moreover, even when an OTU has been identified as a well-described pathogenic species, this may not be sufficient to infer pathogenicity. This means that inferring pathogenicity from presence of an OTU is not as straight-forward as it may seem. For example, Rhizoctonia solani, often considered a generalist root pathogen of both dicot and grass crops, is a species-complex of multiple strains divided into anastomosis-groups (AG). Even subdivisions within AGs differ in host range (Termorshuizen 2016) . Similarly, Fusarium oxysporum, known for its wide host range in dicot crops (> 100 plant species (Michielse and Rep 2009)) , has a large range of individual strains that only infect a few species or are not pathogenic at all (Gordon and Martyn 1997) . Some of these non-pathogenic strains can even act as antagonists of pathogenic strains (Mandeel and Baker 1991) . Furthermore, it is becoming more apparent that plantpathogenic fungi can also display an endophytic lifestyle (Brader et al. 2017) , i.e. colonization without causing disease (Rodriguez et al. 2009 ). For example, a single genotype of Fusarium circinatum has been found to cause pitch canker disease in Pinus radiata, and to colonize several herbaceous plants growing in the same plantation without inducing disease (HernandezEscribano et al. 2018) . Another relevant case is Fusarium graminearum, well-known as a pathogen of monocot crops like barley, but found to be an endophyte in other grass species (Lofgren et al. 2018) . Pathogenicity can even be variable on a single host, depending on environmental and plant factors like temperature, plant age and genotype, as has been shown for Verticillium dahliae (Malcolm et al. 2013) . Evidence is thus emerging that our knowledge on fungal pathogens obtained from agricultural ecosystems may not necessarily be predictive for their role in natural ecosystems.
Therefore, although NGS has detected well-known agricultural soil-borne fungal pathogens in natural, species-rich grasslands (Hannula et al. 2017; Mommer et al. 2018) , we have to be careful in predicting the ecological fungal guild (Nguyen et al. 2016; Tedersoo 2014) in natural ecosystems. Accordingly, if we want to understand which fungi are actually acting as pathogens in natural grasslands, considerably more studies are required in which fungi are isolated, taxonomically characterized and tested for pathogenicity on the plant species present in the respective natural plant community, under various (a) biotic conditions (e.g. Hendriks et al. 2015a; Kia et al. 2018; Lofgren et al. 2018; Mommer et al. 2018 ).
Role of soil-borne pathogenic fungi in natural ecosystems: insights from biodiversity research It is well established in ecology that plant species richness increases plant productivity, an important ecosystem function (Cardinale et al. 2012) . Recently, soil-borne fungal pathogens have been hypothesised to play an important role in this positive biodiversity effect (Maron et al. 2011; Mommer et al. 2018; Schnitzer et al. 2011) .
The biodiversity research field started in the 1990s with the question how biodiversity loss would affect ecosystem functioning (Schulze and Mooney 1994) . Ecologists have investigated this question by manipulating plant species richness in experimental grasslands worldwide (Hector 1999; Tilman 1997 Tilman , 2001 van Ruijven and Berendse 2005) . Although there is now consensus among ecologists that in general monocultures perform less well than plant species mixtures (Cardinale et al. 2012) , the main underlying mechanisms remain debated. On one hand, ecologists have focused on plant-plant interactions, with resource partitioning and facilitation between plants as the most likely explanations for the differential plant productivity (Jesch et al. 2018; Mueller et al. 2013; Ravenek et al. 2014; Wright et al. 2017) . On the other hand, interactions between plants and pathogenic soil biota have emerged as an important mechanism for the positive biodiversity effect (de Kroon et al. 2012; Maron et al. 2011; Mommer et al. 2018; Schnitzer et al. 2011) . The main hypothesis is that the negative effects of soil-borne pathogens, including fungi, will be particularly strong in plant monocultures (in which each plant belongs to the same species) and smaller in plant species mixtures, resulting in the positive relationship between plant species richness and productivity (Fig. 1) . Thus far, ecologists have investigated this so-called 'pathogen hypothesis' with a black box approach, i.e. by comparing plant growth on soils with and without soil biota (e.g. Cortois et al. 2016; Hendriks et al. 2015b; Kos et al. 2013; McCarthy-Neumann and Ibáñez 2013; Wubs and Bezemer 2018) . For example, Schnitzer et al. (2011) grew plant communities in field and sterilized field soil. They found that the positive effect of plant species richness on plant productivity disappeared for plants grown in sterilized soil. Specifically, sterilization enhanced plant productivity at low biodiversity, but had no effect at high plant species richness. Schnitzer et al. (2011) also included an additional treatment, in which the sterilized soil was re-inoculated with a soil wash containing soil-borne fungi. With this re-inoculation, plant productivity at low biodiversity levels was again reduced, similar to the effect observed for plants grown on non-sterilized field soil. In other words: the positive biodiversity effect, eliminated by sterilizing the soil, was 'restored' through the addition of the soil wash, suggesting an important role of soil-borne fungi in biodiversity patterns. Additional support for the role of soilborne fungi as pathogenic actors in driving the positive biodiversity-productivity relationship comes from the study of Maron et al. (2011) who used systemic fungicides (thiophanate ethyl and mefenoxam) to suppress or kill fungi and oomycetes in the soil. Although these fungicides also adversely affect beneficial soil-borne fungi and oomycetes, they found that the positive biodiversity effect disappeared following fungicide treatment. The work of Schnitzer et al. (2011) and Maron et al. (2011) has steered the attention of plant ecologists in the biodiversity research field toward the importance of plant-pathogen interactions. This opens up new possibilities for integrating the research from this ecological field with plant pathology and may drive the development of our knowledge on soil-borne fungal pathogens and their function further in the coming years.
Rules of play for plant-fungal interactions
Proof for a steering role of soil-borne plant pathogenic fungi in the spatiotemporal dynamics of natural grassland ecosystems is thus accumulating. We have so far identified three important lines of evidence: a) NGS studies show a diverse soil-borne fungal community associated with roots of grassland plants, b) some fungal isolates negatively affect plant growth in bioassays, and c) the relationship between plant diversity and plant productivity is affected by soil sterilization and fungicide application. For the majority of fungal species, however, knowledge of their interactions with plants and how these are affected by plant diversity and other components of the soil food web still need to be revealed. Fig. 1 Conceptual diagram of the ecological principles underlying the hypothesis that soil-borne pathogens drive the biodiversityproductivity relationship. a Soil-borne pathogens must be hostspecific to some degree in order to result into differential negative effects among plant species. b Increased plant diversity is related to decreased host abundance, which may reduce the disease pressure in species-rich plant communities compared to the monocultures. In addition to the reduced host density in mixtures, the heterospecific neighbors may also affect the disease pressure. Some neighbors may also act as (asymptomatic) hosts and boost the pathogenic fungus; other neighboring species may e.g. exude antifungal compounds and further decrease the pathogen. Different colors and symbols represent different plant-pathogenic fungal species, associated to the roots Ecologists have explored two facets that shape the interactions between plant species and their natural enemies in natural ecosystems -host specificity and density dependence (Bever et al. 2015; Connell 1971; Janzen 1970 ). Below, we will provide a brief review of the agricultural and ecological literature on these two topics. Moreover, we also propose a third factor to be important in belowground plant-fungal interactions: plant neighbor effects, either directly or indirectly.
Host specificity
A prerequisite for the 'pathogen hypothesis' is that negative effects of pathogenic fungi on plant species should be species-specific (Fig. 1a) . This requires fungal pathogens that are specialist pathogens for each plant species (a single host species, e.g. Synchytrium endobioticum on potato; or genus, e.g. Paraphoma chrysanthemicola on Leucanthemum), or generalist pathogens that have differential effects on multiple host species (e.g. many dicots: Verticillium dahliae, Rhizoctonia solani) (Hersh et al. 2012) .
High-throughput NGS analysis yielded the first evidence for host specificity in natural grassland species: the roots of 8 different natural grassland species (4 grasses and 4 forbs) harboured unique putative pathogenic fungal communities (based on ITS sequencing), when grown in monoculture (Mommer et al. 2018 ). There was a clear discrimination between plant functional group (forbs vs. grasses), but also within these two plant functional groups host specificity of the fungal communities was apparent. These patterns of host specificity are consistent with results of plant-soil feedback studies that have shown reduced plant growth on soil with a history of plants of the same species or functional group compared to the average community soil (e.g. Cortois et al. 2016; Hendriks et al. 2013; Mangan et al. 2010; Petermann et al. 2008) . It is, however, crucial to reveal the (fungal) actors and their functional role in grassland plant communities, if we want to increase our understanding of the myriad of plantfungal interactions belowground. This requires that NGS analyses are complemented with classic plant pathology approaches where fungi are isolated from soil and roots and (re-)introduced to determine pathogenicity and host-specificity (Hendriks et al. 2015a; Mommer et al. 2018 ). For example, Klironomos (2002) isolated fungi from the roots of several rare plant species in Canadian meadows. These fungi were identified as Verticillium, Fusarium and Cylindrocarpon species. Although identification of fungi to the genus level limits interpretation from a plant pathology perspective, the ecological principle of host specificity was clearly demonstrated: upon inoculation, species-specific pathogenic effects were found: plant growth was reduced with fungi isolated from conspecific (i.e. the same species) roots, but not with fungi isolated from heterospecific (i.e. another species) roots.
Density-dependence of the conspecific host
The second assumption of the pathogen hypothesis is that disease incidence is reduced with reduced host density (Fig. 1b) . Pathogen dilution in diverse plant communities implies that the build-up of species-specific pathogens decreases with decreasing abundance of the host plant. Therefore, disease incidence is expected to be high in monocultures (i.e. high host density) and lower in plant species-rich mixtures (i.e. lower host density) (Bever et al. 2015; Kulmatiski et al. 2012) . Indeed, in grassland biodiversity experiments, pathogen dilution has been observed for foliar (Knops et al. 1999; Mitchell et al. 2002; Rottstock et al. 2014 ) and soil-borne fungal pathogens (Mommer et al. 2018 ). For example, foliar fungal pathogen incidence (presence or absence per plant) and severity were reduced at higher plant diversities in the study of Rottstock et al. (2014) . However, this may be partly a 'sampling' effect, as the number of sampled plants per species greatly differed between the levels of plant diversity. Also, Mommer et al. (2018) demonstrated a reduction of more than 50% of putative pathogenic rootassociated fungal OTUs from monocultures to the plots with eight plant species.
Evidence for the role of host density in pathogen dilution also originates from studies investigating seedling mortality as a function of pathogenic soil biota (e.g. Fusarium oxysporum; Pythium) and density of (or distance to) adult trees (e.g. Johnson et al. 2012; Liu et al. 2012 Liu et al. , 2015a Mangan et al. 2010) . Furthermore, in agricultural systems there has been pioneering experimental and modelling work on the effect of plant density on soil-borne disease dynamics (Hiddink 2008; Otten et al. 2005; Otten and Gilligan 2004) . For example, the dispersal of Pythium irregulare damping-off disease in small-scale stands of garden cress (Lepidium sativum) under controlled conditions was reduced with lower seedling densities (Burdon and Chilvers 1975) . Specifically, the relationship between infection rate of P. irregulare and inter-plant distance of garden cress was linear at plant distances from 1 to 5 cm. Another example -the soil-borne fungus Aphanomyces euteiches inducing root rot in pea -showed a similar effect: disease incidence was reduced with increasing interplant distances from 2.5-15 cm under controlled conditions (Willocquet et al. 2007 ). The same study further explored the effect of pea density in the field, where a low plant density (70 plants/m 2 ) resulted in a lower rate of pea root rot than the high density (140 plants/m 2 ). Similarly, a reduced rate of Sclerotium rolfsii disease (southern blight) on carrots was observed at a low crop density (26 plants/m) compared to a high density (52 plants/m) in the field (Smith et al. 1988 ).
In the Wageningen grassland biodiversity experiment (Cong et al. 2014; van Ruijven et al. 2003; Berendse 2005, 2009 ), more than half of the variation in fungal community composition could be explained by the variation in belowground host density (i.e. species-specific root biomass) (Mommer et al. 2018) , suggesting that host density may be important in regulating fungal communities in more diverse plant communities. However, there were only a few direct links between fungal community composition and the density of specific hosts. Only one (the grass A. odoratum) out of eight species had a significant effect on the composition of the putative pathogenic fungal community. When analysing the confirmed specialist pathogen in that system -Paraphoma chrysanthemicola -it appeared that the number of sequence reads of this fungus was positively correlated with the density of its host, the forb Leucanthemum vulgare.
The effect of heterospecific neighbours
There thus seems to be a clear role for host specificity and conspecific host density in disease dynamics in species-rich grasslands, but the presence of (a wide variety of) heterospecific neighbours (i.e. individuals belonging to other species) may additionally affect belowground disease dynamics and infection of host plants (Eppinga et al. 2006; Otten et al. 2005) . Effects of heterospecific neighbouring plants are inherently linked to a pathogens' host range and host density. For example, the inclusion of heterospecific neighbour plants (increasing plant species diversity) may reduce overall host density for a specialist pathogen, but not for a generalist pathogen (Parker et al. 2015) . Therefore, it is important to tease apart additional neighbour effects from the main effects of host specificity and density. There have been only a few studies that disentangled the effect of host density and neighbour identity so far. In one such study in an agricultural system, Burdon and Chilvers (1976) did not find an effect of the presence of resistant ryegrass (Lolium rigidum) on the Pythium disease spread in their garden cress stands. They, therefore, concluded that host density rather than neighbour identity was the main driving factor for Pythium disease dynamics in their experimental system. However, the potential 'neighbour effect' on disease dynamics is probably pathogen and plant species-specific (Garrett and Mundt 1999) . Recent agricultural studies describe that heterospecific neighbours indeed can reduce soil-borne fungal pathogens. The presence of the medicinal herb Atractylodes lancea reduced root rot infections of F. oxysporum in peanut crops (Li et al. 2018) , and the presence of maize reduced Phytophthora blight severity and spread in pepper intercropping (Yang et al. 2014 ).
The question is how such additional neighbour effects arise: what are the mechanisms for heterospecific neighbours to influence belowground disease dynamics? We propose several potential mechanisms, directly or indirectly impacting the fungal disease dynamics.
Direct neighbour effects via plant traits and root exudates
The roots of heterospecific neighbours may serve as a direct vector or barrier to soil-borne fungal pathogens. On the one hand, disease transmission is likely affected by the 'contagiousness' of the neighbour (Otten et al. 2005) . Therefore, host plants that are surrounded by non-host plants may be in general less likely to become infected than plants surrounded by heterospecific host plants or non-symptomatic plants that host the pathogen as an endophyte (Malcolm et al. 2013 ). Additionally, a larger phylogenetic distance between plant species could decrease the chance that both species are hosts to the same pathogen species (Gilbert and Webb 2007; Wehner et al. 2014) . Plants in (phylogenetically) diverse plant communities may thus be more 'buffered' against their soil-borne pathogens, because their neighbours are more likely to be non-vectors (Gilbert and Parker 2016; Haas et al. 2011) .
Roots of different species may act as a physical or chemical Broot wall^for fungal pathogens. Disease transmission may be enhanced or reduced depending on the structure of the rooting system traits related to morphological or chemical defence (e.g. root thickness (Newsham et al. 1995a) ). In the maize-pepper intercropping system mentioned above, maize plants were planted at different interplant distances, resulting in different degrees of maize root intermingling (Yang et al. 2014) . The spread of Phytopthora blight between pepper rows was reduced with a higher degree of root intermingling and even totally blocked in the treatment with the tightest root intermingling. Root systems in species-rich grassland communities are often dense and tightly intermingled as well (Kesanakurti et al. 2011; Ravenek et al. 2014; Frank et al. 2015) , thus potentially reducing spread of fungal pathogens.
In addition, secreted chemicals of heterospecific neighbours -root exudates (incl. volatiles) -may further directly affect the fungal life cycle such as spore germination, mycelial growth and orientation. Antifungal secondary metabolites in root exudates can directly inhibit fungi (Baetz and Martinoia 2014) . For instance, the medicinal herb Atractylodes lancea in the peanut intercropping system described above (Li et al. 2018 ) releases a blend of volatiles that inhibits the growth of F. oxysporum mycelia. In the intercropping system with pepper, maize root exudates inhibited zoospores of the pepper pathogen Phytophthora capsici, thereby restricting its movement across rows (Yang et al. 2014 ). Specifically, several benzoxazinoid compounds secreted by the maize roots inhibited P. capsici zoospore motility, cystospore germination and hyphal growth (Yang et al. 2014) . Complex belowground chemical communication between plant species and fungi may be expected also to occur in species-rich grasslands; but until now it has proven difficult to pinpoint the players and the underlying chemistry in situ under complex field conditions.
Indirect neighbour effects via the root microbiome
A potential indirect mechanism of neighbouring plants to dilute pathogens is through alteration of the root microbiome. The microbes associating with plant roots often affect the belowground interaction between a plant and pathogen (Berendsen et al. 2012) . Gilbert et al. (1994) hypothesised already in the '90s that plant root-colonizing bacteria may 'camouflage' the roots against pathogens.
We now know that plants assemble unique rhizosphere microbial communities: root exudates can attract and favour the colonization of specific microbes (Berg and Smalla 2009; Philippot et al. 2013 ). This process is plant species and genotype specific, but is also influenced by environmental factors such as soil type and temperature (Brader et al. 2017; Philippot et al. 2013; Schlemper et al. 2017) . The bacterial rhizobiome is a dynamic microbial network that affects pathogen invasiveness, infection and severity (Chapelle et al. 2016; Raaijmakers et al. 2009 ). For instance, it can form a barrier against root infection through competitive exclusion of the pathogenic invader (Chapelle et al. 2016; Hacquard et al. 2017 ) and adapts to pathogen presence, seemingly to battle the invader. For example, fungal invasion of R. solani in soil has been found to alter the rhizosphere bacterial community of sugar beet. The relative abundance of specific bacterial families increased in suppressive soils inoculated with R. solani and stress-related genes were upregulated in these bacteria, suggesting antagonistic activity against pathogen infection (Chapelle et al. 2016; Mendes et al. 2011; van der Voort et al. 2016 ). Other recent work shows that Carex arenaria roots infected by the pathogen Fusarium culmorum release an altered volatile blend that attracts specific bacteria with antifungal properties (SchulzBohm et al. 2018 ). The root microbiome may thus either protect the plant species from fungal infection or battle the fungal pathogens.
The microbiome of the soil, rhizosphere, and roots can be affected by the diversity and identity of plant species in a plant community. In general, it is thought that a larger plant diversity creates more 'niches' for soil microbes and/or promotes multiple microbial activities due to chemically more diverse exudates, thereby increasing soil suppressiveness (Gómez Expósito et al. 2017; Mendes et al. 2011; Schlatter et al. 2017; Steinauer et al. 2016) . A higher microbial diversity is expected to reduce invasion of pathogens and increase antagonism in soils, thereby reducing the impact of plant pathogenic fungi (Larkin 2015; Mallon et al. 2015) . In fact, an increase in plant diversity in the Jena biodiversity experiment (Weisser et al. 2017 ) enhanced the activity of antagonistic bacteria in the soil against the soil-borne fungal pathogen R. solani (Latz et al. 2012) . Also in natural grasslands, the diversity of neighbouring plants has been found to affect Streptomyces spp. and fungal communities in soil at the base of specific plant species (Bakker et al. 2013; LeBlanc et al. 2014) . Whereas the fungal communities were distinctly different between two grasses and two legumes grown in monoculture, they became similar when the species where grown in mixtures. Furthermore, plant species identity in 4-species grassland mixtures was associated with bacterial and fungal community composition in the soil (Leff et al. 2018) .
Importantly, neighbouring plants indeed appear to also impact the microbial community composition of rhizobiomes. Intercropping of wheat and faba bean changed the bacterial rhizosphere community of both crops compared to monoculture (Song et al. 2007 ). The study of Li et al. (2018) shows that the composition of the fungal rhizosphere community of peanut was significantly altered by presence of the medicinal herb A. lancea, coinciding with Fusarium root rot decline. Even microbial root colonization can be altered by neighbouring plants, as already shown in a study on mycorrhizal fungi: mycorrhizal community composition of a perennial natural grassland grass species (Nassella pulchra) changed in the presence of three neighbouring grass species (Hausmann and Hawkes 2009) .
Given the evidence so far, neighbouring plants thus have the potential to directly (via reduced pathogen transmission and root exudates) or indirectly (via the root microbiome) affect soil-borne disease dynamics in plant hosts.
Bridging the gaps: a future perspective for ecology and plant pathology Understanding the belowground interactions between plants and fungi and how these interactions influence the spatiotemporal dynamics of soil-borne disease in natural ecosystems is complex due to the vast number of plant and soil-borne fungal species involved, let alone other (a) biotic components that affect these innate interactions. Recently, ecologists have embraced NGS techniques in order to describe overall microbial diversity and community assembly in ecosystems (Dassen et al. 2017; Hannula et al. 2017; Mommer et al. 2018; Prober et al. 2015; Wehner et al. 2014 ). However, this descriptive step alone will not reveal mechanisms of interaction. Therefore, experimental approaches should be adopted to study the interactions between single fungal species (or even single strains/ genotypes) and individual plant species. Once these baselines have been set, we need to move to other experimental approaches that reveal the more complex interactions between multiple plant species and different fungal pathogens (e.g. Hersh et al. 2012) . Also the role of other players in the root microbiome can be incorporated (Mendes et al. 2011; Berendsen et al. 2018) . A multi-species approach, rather than pairwise interactions, can reveal potential (synergistic) mechanisms that act only in diverse systems, as was recently suggested for fungal-bacterial (de Boer 2017) and plant-plant (Levine et al. 2017) interactions.
The belowground chemical communication between plants and fungal pathogens is a main interaction mechanism that ecologists and plant pathologists could jointly investigate. Soil-borne fungi locate and orientate to their host plant via chemotropism: the ability to detect and grow towards a chemical gradient, i.e. root exudates . These host signals from the plants may break fungal dormancy, leading to spore germination and subsequent hyphal growth, or conversely, inhibit these processes (e.g. Yang et al. 2014) . The exact components of those processes, such as the plant host signals and fungal receptors, are largely unknown for soil-borne fungi. Recent progress is being made in this field: molecular work on a plant pathogenic strain of the fungal species F. oxysporum identified an evolutionary conserved signalling pathway that is triggered by peroxidase proteins present in its host (tomato) root exudates, inducing a chemotrophic response of the fungal hyphae towards these roots . In order to get a better grip on the chemical belowground communication in natural grasslands, we need more information on the root exudates and volatiles of plants and their effects on fungal growth; particularly in non-model plant species and fungal strains.
Another potential shared research interest would be predicting host infection-compatibility, although ecologists and plant pathologists appear to have fundamentally different approaches. Plant pathologists use molecular knowledge on the pathogen-host infection process to predict fungal pathogenicity and pathogen-host combinations (e.g. through presence of specific functional genes) (Brader et al. 2017; Rodriguez-Moreno et al. 2018; van Schie and Takken 2014) . For instance, specific genomic signatures of pathogenic vs. endophytic lifestyle were detected in the root-colonizing pathogenic fungus Colletotrichum incanum and its close relative with an endophytic lifestyle C. tofieldiae (Hacquard et al. 2016 ). This included differences in the repertoire of secreted effector proteins and activity of pathogenicity-related genes. In apparent contrast, ecologists predict pathogen-host compatibility based on overall plant phylogeny (Gilbert and Webb 2007; Liu et al. 2015b Liu et al. , 2016 : more related plants are more likely to be host to the same pathogen (Gilbert and Webb 2007) . For instance, Parker et al. (2015) derived a model, based on over 200 known host -fungal pathogen associations, that predicts the probability for two plant species to share the same particular pathogen based on the phylogenetic distance. However, there are quite some cases where overall plant phylogeny is not an accurate predictor for fungal-host plant combinations. An example is R. solani subgroup AG2-2IIIB, which is known to have a broad host range among crops from a wide variety of mono and dicot families (Boine et al. 2014) .
Although these two approaches of phytopathologists and ecologists may seem entirely different, they are in fact based on the same line of thinking. The likelihood of a compatible pathogen-host combination is affected by the co-evolution of hosts and pathogens, which is represented in both overall phylogeny and presence of specific genes encoding for products involved in infection and defence (Gilbert and Parker 2016) . A question is whether 'ecological' plant traits related to morphological or chemical defence (e.g. root thickness (Newsham et al. 1995a) ) share the same phylogenetic signal as molecular traits such as R and avr genes that evolved through host-pathogen co-evolution (Gilbert and Parker 2016) . Another question concerns the predictive power of fungal phylogeny (Gilbert and Parker 2016) : do closely related fungi share the same host plants (Kia et al. 2017) ?
These knowledge gaps on belowground plant-fungal interactions in diverse ecosystems can be closed through the combined power of ecology and plant pathology. The answers will improve our predictions of potential pathogen-host combinations in species-rich grasslands and aid in the design of effective intercropping strategies. These sustainable cropping systems are urgently required due to the adverse environmental effects of many pesticides and the strict regulation of their use (Hillocks 2012) . The 100-yr old insights of Johanna Westerdijk on the importance of complex species interactions in explaining plant disease dynamics will thus remain highly relevant in the next decade of both sustainable agriculture and biodiversity research. Learning from diverse, natural grasslands serves as a scientific basis for the application of crop diversification -and its potentials for reduction of soil-borne disease pressure. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
